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Recent studies iiave iiigiiligiited tine potential of jet substructure teciiniques to identify tine iiadronic 
decays of boosted heavy particles. These studies all rely upon the assumption that the internal 
substructure of jets generated by QCD radiation is well understood. In this article, this assumption is 
tested on an inclusive sample of jets recorded with the ATLAS detector in 2010, which corresponds 
to 35 pb~^ of pp collisions delivered by the LHC at ^ = 7 TeV. In a subsample of events with 
single pp collisions, measurements corrected for detector efficiency and resolution are presented with 
full systematic uncertainties. Jet invariant mass, h splitting scales and A^-subjettiness variables are 
presented for anW-kt R = 1.0 jets and Cambridge-Aachen R = 1.2 jets. Jet invariant-mass spectra for 
Cambridge-Aachen R = 1.2 jets after a splitting and filtering procedure are also presented. Leading- 
order parton-shower Monte Carlo predictions for these variables are found to be broadly in agreement 
with data. The dependence of mean jet mass on additional pp interactions is also explored. 
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Abstract: Recent studies have highlighted the potential of jet substructure techniques 
to identify the hadronic decays of boosted heavy particles. These studies all rely upon 
the assumption that the internal substructure of jets generated by QCD radiation is well 
understood. In this article, this assumption is tested on an inclusive sample of jets recorded 
with the ATLAS detector in 2010, which corresponds to 35 pb~^ of pp collisions delivered 
by the LHC at y/s = 7 TeV. In a subsample of events with single pp collisions, measure- 
ments corrected for detector efficiency and resolution are presented with full systematic 
uncertainties. Jet invariant mass, kt splitting scales and A^-subjettiness variables are pre- 
sented for anti-kt R = 1.0 jets and Cambridge-Aachen R = 1.2 jets. Jet invariant-mass 
spectra for Cambridge- Aachen R = 1.2 jets after a splitting and filtering procedure are 
also presented. Leading-order parton-shower Monte Carlo predictions for these variables 
are found to be broadly in agreement with data. The dependence of mean jet mass on 
additional pp interactions is also explored. 
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1 Introduction 

The ATLAS experiment observes proton-proton {pp) collisions provided by the Large 
Hadron Collider (LHC). The outcome of these collisions is frequently the production of 
large numbers of hadrons. In order to understand these collisions, studies usually group 
hadrons into jets defined by one of a number of standard algorithms [1-7] . The variables 
most often used in analyses are the jet direction and momentum transverse to the beam 
{pt)- However the jets remain composite objects and their masses and internal substructure 
contain additional information. 

One strong motivation for studies of the internal substructure of jets is that at the LHC 
particles such as W and Z bosons and top quarks are produced abundantly with significant 
Lorentz boosts. The same may also be true for new particles produced at the LHC. When 



such particles decay hadronically, the products tend to be cohimated in a small area of the 
detector. For sufficiently large boosts, the resulting hadrons can be clustered into a single 
jet. Substructure studies offer a technique to extract these single jets of interest from the 
overall jet background. Such techniques have been found promising for boosted W decay 
identification, Higgs searches and boosted top identification amongst others [8]. However, 
many of these promising approaches have never been tested with collision data and rely on 
the assumption that the internal structure of jets is well modelled by parton-shower Monte 
Carlo approaches. It is therefore important to measure some of the relevant variables in a 
sample of jets to verify the expected features. 

In this paper, measurements are made with an inclusive sample of high-transverse 
momentum jets produced in proton-proton collisions with a centre-of-mass energy (-y/s) of 
7 TeV. This is a natural continuation of the studies in previous experiments [9-13]. It also 
complements previous ATLAS studies [14] probing the shape of jets reconstructed with the 
anti-kt algorithm [5] with smaller radius parameters R = 0.4 and 0.6. 

This study focuses on two specific jet algorithms that are likely to be of interest for 
future searches: anti-A;t jets with an /^-parameter of 1.0 and Cambridge-Aachen [3, 4] jets 
with R = 1.2. Jets are required to be at high-transverse momentum (px > 200 GeV) 
and central in rapidity^ {\y\ < 2). The normalised cross-section as a function of jet mass, 
taken from the jet four-momentum, is measured for both these algorithms. In addition 
to the mass, two sets of substructure variables, kt splitting scales [15] and A^-subjettiness 
ratios [16], are measured. For the Cambridge-Aachen jets, the mass distribution after a 
substructure splitting and filtering procedure [17] is also presented. 

2 Definitions 

2.1 Jet algorithms 

Jets are constructed using two infrared and collinear-safe recombination jet algorithms, 
anii-kt and Cambridge-Aachen, as implemented in the Fast Jet package [18]. Both act 
by iteratively merging the nearest objects in the event but with different definitions of 
"distance". The anti-kt jet algorithm builds jets with a very regular shape, while the 
Cambridge-Aachen algorithm builds less regular jets. This analysis uses i2-parameters of 
1.0 and 1.2, for anti-kt and Cambridge- Aachen jets respectively, in line with recent studies 
of heavy boosted objects. All discussion of jet algorithms in this paper assumes that the 
constituents from which the jet is composed are recombined using four-vector addition. 
Jets in the real or simulated detector are constructed from clusters of energy deposited 
in the calorimeter (see Section 4). Jets in the "true" final state, or "hadron level", are 
defined as jets made from all particles with a proper lifetime longer than 10 ps, including 
neutrinos. 



^ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The i-axis points from the IP to the centre 
of the LHC ring, and the j/-axis points upward. Cylindrical coordinates (r, </!>) are used in the transverse 
plane, <j) being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the 
polar angle 6 as, r) — — lntan(6/2). Rapidity is y = 1/2 x ln{{E + pz)/(E — p^)). 



2.2 The splitting and filtering procedure 

The "splitting and filtering" procedure aims to identify relatively hard, symmetric splittings 
in a jet that contribute significantly to the jet's invariant mass. This procedure is taken 
from recent Higgs search studies [17, 19]. The parameters are tuned to maximise sensitivity 
to a Standard Model Higgs boson decaying to bb, but this procedure is suitable generally 
for identifying two-body decay processes. The effect of the procedure is to search for jets 
where clustering the constituents with Cambridge- Aachen combines two relatively low mass 
objects to make a much more massive object. This indicates the presence of a heavy particle 
decay. The procedure then attempts to retain only the constituents believed to be related 
to the decay of this particle. Because the procedure itself uses the Cambridge-Aachen 
algorithm, it is most natural to apply it to jets originally found with this algorithm. 

Each stage in the clustering combines two objects ji and j2 to make another object j. 

Use definitions v = tjI' tj2 ^^2 ^^^ SRji,j2 = J^V^i j2 + '^'?^?i 72' where 6y and 6(j) 

are the differences in rapidities and azimuthal angles respectively. The procedure takes a 
jet to be the object j and applies the following: 



1. Undo the last clustering step of j to get ji and J2- These are ordered such that their 
mass has the property rriji > mj2- If j cannot be unclustered (i.e. it is a single 
particle) or 6Rjij2 < 0.3 then it is not a suitable candidate, so discard this jet. 

2. If the splitting has rriji/mj < /j, (large change in jet mass) and v > Wcut (fairly 
symmetric) then continue, otherwise redefine j as ji and go back to step 1. Both /x 
and V are parameters of the algorithm. 

3. Recluster the constituents of the jet with the Cambridge- Aachen algorithm with an 
i?-parameter of Rfut = min(0.3, 5i?jij2/2) finding n new subjets si, S2 ■ ■ ■ Sn ordered 
in descending p^. 

4. Redefine the jet as the sum of subjet four- momenta Yl^i ^i- 



The algorithm parameters /u and fcut are taken as 0.67 and 0.09 respectively [19]. 

The fi cut attempts to identify a hard structure in the distribution of energy in the jet, 
which would imply the decay of a heavy particle. The cut on v further helps by suppressing 
very asymmetric decays of the type favoured by splittings of quarks and gluons. A notable 
modification of the original procedure [17] in this paper is the addition of the 6Rjij2 cut 
in step 1. This cut is applied because with current techniques the correction for detector 
resolution at angular scales below 0.3 is not well controlled. Steps 3 and 4 filter out some 
of the particles in the candidate jet, the aim being to retain particles relevant to the hard 
process while reducing the contribution from effects like underlying event and pile-up. The 
4- vector after step 4 can be treated like a new jet. This new jet has a pi and mass less 
than or equal to those of the original jet. 



2.3 kt splitting scales, ^Jdij 

The kt splitting scales are defined by reclustering the constituents of the jet with the kt 
recombination algorithm [1, 2]. The fci-distance of the final clustering step can be used to 
define a splitting scale variable yjdi2'- 

where 1 and 2 are the two jets before the final clustering step [15] . The ordering of clustering 
in the kt algorithm means that in the presence of a two-body heavy particle decay the final 
clustering step will usually be to combine the two decay products. The parameter \/di2 can 
therefore be used to distinguish heavy particle decays, which tend to be more symmetric, 
from the largely asymmetric splittings of quarks and gluons. The expected value for a 
heavy particle decay is approximately m/2, whereas inclusive jets will tend to have values 
~ Pt/10, although with a tail extending to high values. The variable \/d23 is defined 
analogously but for the two objects combined in the penultimate clustering step. 

2.4 AT-subjettiness 

The A^-subjettiness variables tn [16] are designed to be smooth, continuous observables 
related to the subjet multiplicity. Intuitively, the variables can be thought of as answering 
the question: "How much does this jet look like A^ different subjets?" The variable tn 
is calculated by clustering the constituents of the jet with the kt algorithm and requiring 
N subjets to be found. These N subjets define axes within the jet around which the jet 
constituents may be concentrated. The variables tj^ are then defined as the following sum 
over all constituents k of the jet: 

TAT = — 'y^PT,k X uiin{5Ri^k,SR2,k, ■ ■ .,5RN,k) (2.1) 

do = ^PT,kR, (2.2) 

k 

where 5Ri^k is the distance from the subjet i to the constituent k and R is the /^-parameter 
of the original jet algorithm. 

Using this definition, tn describes how well the substructure of the jet is described by 
N subjets by assessing the degree to which constituents are localized near the axes defined 
by the kt subjets. For two- and three-body decays, respectively, the ratios T2/T1 and T3/T2 
have been shown to provide excellent discrimination for hadronic decays of VF-bosons and 
boosted top quarks [20]. These ratios will be referred to as T21 and T32 respectively. These 
variables mostly fall within the range to 1. As an example, T21 — 1 corresponds to a 
jet which is narrow and without substructure; T21 ~ implies a jet which is much better 
described by two subjets than one. Similarly low values of T32 imply a jet which is much 
better described by three subjets than two. However, as can be seen from the definition, 
adding an additional subjet axis will tend to reduce the value of tn and therefore even 
narrow jets tend to have values of T21 and T32 slightly less than 1. 



3 The ATLAS Detector 

The ATLAS detector [21] provides nearly full solid angle coverage around the colhsion 
point with tracking detectors, calorimeters and muon chambers. Of these subsystems the 
most relevant to this study are the inner detector, the barrel and endcap calorimeters, and 
the trigger system. 

The inner detector is a tracking detector covering the range \r]\ < 2.5 and with full 
coverage in (j). It is composed of a silicon pixel detector, a sihcon microstrip detector and 
a transition radiation tracker. The whole system is immersed in a 2 T magnetic field. The 
information from the inner detector is used to reconstruct tracks and vertices. 

The barrel and endcap calorimeters cover the regions \7]\ < 1.5 and 1.5 < \r]\ < 3.2, 
respectively. Electromagnetic measurements are provided by a liquid-argon (LAr) sampling 
calorimeter. The granularity of this detector ranges from (Jr; x (5(/) = 0.025x0.025 to 0.1x0.1. 
Hadronic calorimetry in |r/| < 1.7 is provided by a scintillating-tile detector, while in the 
endcaps, coverage is provided by a second LAr system. The granularity of the hadronic 
calorimetry ranges from 0.1 x 0.1 to 0.2 x 0.2. 

The trigger system [22] is composed of three consecutive levels. Only the Level-1 (LI) 
trigger is used in this study, with higher levels not rejecting any events. The LI trigger is 
based on custom-built hardware that processes events with a fixed latency of 2.5 /is. Events 
in this analysis are selected based on their LI calorimeter signature. The LI calorimeter 
trigger uses coarse detector information to identify interesting physics objects above a given 
transverse energy (Et) threshold. The jet triggers use a sliding window algorithm taking 
square di] x 6(p = 0.2 x 0.2 jet elements as input. The window size is 0.8 x 0.8. 

4 Dataset and Reconstruction 

The data analysed here come from the 2010 y^ = 7 TeV pp dataset. Data are used in this 
study only if the detector conditions were stable, there was a stable beam present in the 
LHC, the luminosity was reliably monitored and the trigger was operational. The selected 
data set corresponds to an integrated luminosity of 35.0 ± 1.1 pb~^ [23, 24]. 

Events in this analysis are first selected by the LI calorimeter trigger system. The 
efficiency of this trigger was evaluated in data and found to contain no significant biases 
for the selection used here. For the lowest pT bin (200-300 GeV) a trigger is used which 
was only available for part of the dataset. As a result some plots are presented with the 
lower integrated luminosity of 2.0 ±0.1 pb~^. 

To reject events that are dominated by detector noise or non-collision backgrounds, 
events are required to contain a primary vertex consistent with the LHC beamspot, recon- 
structed from at least five tracks with px > 150 MeV. Additionally, jets are reconstructed 
with the anti-fcf algorithm using an i?-parameter of 0.6. Events are discarded if any such 
jet with transverse momentum greater than 30 GeV fails to satisfy a number of quality cri- 
teria, including requirements on timing and calorimeter noise [25]. This selection removes 
approximately 3% of events in this dataset. 



Additional proton-proton collisions (pile-up) can have a significant impact on quantities 
like jet mass and substructure [8]. The primary results in this paper are therefore presented 
only in events where the number of reconstructed primary vertices (A'pv) composed of at 
least five tracks is exactly one. This requirement selects approximately 22% of events in 
the 2010 dataset. As vertex finding is highly efficient, this approach is expected to be 
very good at rejecting pile- up, and no additional systematic uncertainties as a result of 
this requirement are considered. The effects of pile-up are discussed in more detail in 
Section 10. 

Calorimeter cells are clustered using a three-dimensional topological algorithm. These 
clusters provide a three-dimensional representation of energy depositions in the calorimeter 
with a nearest neighbour noise suppression algorithm [26] . The resulting clusters are made 
massless and then classified as either electromagnetic or hadronic in origin based on their 
shape, depth and energy density. Cluster energies are corrected with calibration constants, 
which depend on the cluster classification to account for calorimeter non-compensation [25]. 
The clusters are then used as input to a jet algorithm. 

As part of this study, specific calibrations for these jet algorithms have been devised. 
Calibrations for the mass, energy and rj of jets are derived from Monte Carlo (specifically 
Pythia [27]). Hadron-level jets (excluding muons and neutrinos) are matched to jets re- 
constructed in the simulated calorimeter. The matched pairs are used to define functions 
for these three variables, dependent on energy and r], which on average correct the recon- 
structed quantities back to the true scale. This correction is of the order 10-20% for mass 
and energy and 0.01 for 7]. 

Jets constructed from tracks are used for systematic studies in this paper. These track- 
jets are constructed using the same algorithms as calorimeter jets. The input constituents 
are inner-detector tracks originating only from the selected pp collision of interest as selected 
by the criteria px > 500 MeV, \t]\ < 2.5, \zo\ < 5 mm and \do\ < 1.5 mm [28]. Here zq and 
do are the longitudinal and transverse impact parameter of the track at closest approach 
to the z-axis, relative to the primary vertex. 

The measurements presented in this paper are for jets that have \y\ < 2 in four 100 GeV 
Pt bins spanning 200 to 600 GeV. This selection is not biased by trigger effects and the 
jets it selects are contained entirely within the barrel and end-cap subdetectors. 

5 Monte Carlo Samples 

Samples of inclusive jet events were produced using several Monte Carlo (MC) generators 
including Pythia 6.423 [27] and HERWIG++ 2.4 [29]. These programs implement leading- 
order (LO) perturbative QCD (pQCD) matrix elements for 2—7-2 processes. Additionally, 
Alpgen 2.13 [30] and Sherpa 1.2.3 [31] are used for some cross-checks. Sherpa and 
Alpgen implement 2 — t- n processes such as explicit QCD multijet production. Parton- 
showers are calculated in a leading-logarithm approximation. Showers are px ordered in 
Pythia and angular ordered in Herwig++. Fragmentation into particles is implemented 
in Pythia following the string model [32] and in HerwigH — \- the cluster [33] model. 
Alpgen is interfaced with Herwig [34, 35] for parton-shower and fragmentation and 



Jimmy [36] for an underlying event model. Unless otherwise specified, Pythia samples 
use the AMBTl tune [28]. In some figures the Perugia2010 Pythia tune is used [37], which 
has been found to describe jet shapes more accurately at ATLAS [14]. Leading-order parton 
density functions are taken from the MRST2007 LO* set [38, 39], unless stated otherwise. 
No pile-up was included in any of these samples. 

The MC generated samples are passed through a full simulation [40] of the ATLAS de- 
tector and trigger, based on GEANT4 [41]. The Quark Gluon String Precompound (QGSP) 
model is used for the fragmentation of nuclei, and the Bertini cascade (BERT) model for 
the description of the interactions of the hadrons in the medium of the nucleus [42] . 

6 Detector-level Distributions 

Detector-level distributions for jet pT, r], mass, \/di2, \/d23, T21 and T32 are shown in 
Figures 1-6. The statistical uncertainty represented in ratios is that from Monte Carlo and 
data added in quadrature. Representative distributions of the substructure variables are 
shown for the 300-400 GeV bin only. The Monte Carlo is normalised to the data separately 
in each plot. The properties of these jets are observed to be reasonably well modelled by 
leading-order parton-shower Monte Carlo. There are approximately four times fewer split 
and filtered jets (e.g. Figure 3) because many jets fail the splitting criteria described above. 
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Figure 1. px (left) and 77 distribution (right) of Cambridge-Aachen R 
200 GeV. 
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Figure 2. px (left) and rj distribution (right) of anti-fcj R = 1.0 jets with px > 200 GeV. 
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Figure 3. pt (left) and rj distribution (right) of Cambridge-Aachen R = 1.2 jets after splitting 
and filtering with px > 200 GeV. 
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Figure 4. Mass distributions for jets with \y\ < 2.0 in the 300-400 GeV pt bin. Jets shown are 
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(bottom). 
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7 Systematic Uncertainties 

The modelling of the calorimeter response is the biggest systematic uncertainty for this 
analysis. The key issue therefore is to validate the Monte Carlo-based jet calibration 
described in Section 4. As the results here use jet algorithms with larger i?-parameters, the 
ATLAS jet energy scale uncertainty [25] for anti-kt R = 0.4 and 0.6 jets cannot be applied. 
The primary systematic uncertainties considered in the present study are those relating to 
scales and resolutions, such as jet px scale (JES) and jet px resolution (JER). For each 
substructure variable, the scale and resolution of the variable itself are also considered, for 
example the jet mass scale (JMS) and jet mass resolution (JMR). The scale uncertainties 
are primarily constrained by in-situ validation using track-jets. The inner detector and 
calorimeter have largely uncorrelated systematic effects, therefore comparison of variables 
such as jet mass and energy between the two sub-detectors allows for some separation of 
physics and detector effects. This technique is limited to a precision of around 3-5% by 
systematic uncertainties arising from the inner-detector tracking efficiency and confidence 
in Monte Carlo modelling of the relative behaviour of the charged and neutral components 
of jets. 

Jets composed from tracks are matched to calorimeter-jets if they are within 5R < 0.3 
of each other. The split and filtered calorimeter-jets are matched to Cambridge- Aachen 
R = 1.2 track-jets. Ratios are defined between track- and calorimeter-jets for each variable 
X {pT, mass, ^/(h2, \/d23, T21, T32): 

X -^calorimeter— jet m -i\ 

T = — y (7.1) 

^track—jet 

Example distributions of some of the ratio variables are shown in Figure 7. It can be 
seen that the ratios are in broad agreement between data and Monte Carlo. To quantify 
the level of agreement, double ratios are defined: 

where again, X can be pT, mass or any of the substructure variables. The distributions 
of the variables X calorimeter -jet themselves are not necessarily expected to be correctly 
modelled by Monte Carlo. However, if the simulation correctly models the effect of the 
detector on these variables, the double ratios p , are expected to be consistent with unity. 
Figure 7 also shows below each plot the corresponding double ratio. In order to account 
for possible uncertainties due to different fragmentation and hadronisation models, these 
double ratios are also calculated with a variety of Monte Carlo programs. 

Final scale uncertainties are determined by adding in quadrature the estimated uncer- 
tainty on the inner-detector measurement with the deviation from unity observed in the 
double ratios. The resulting scale uncertainties onpx; mass and substructure variables are 
in the range 3-6%. The highest px bins contain fewer events and therefore suffer from sta- 
tistical fluctuations when calculating the double ratio deviation. These scale uncertainties 
tend to dominate the systematic uncertainties on the final measurements. 
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As an additional cross-check, Monte Carlo-based tests are used to determine the depen- 
dence of the detector response on a number of different variables. These include samples 
produced with modified detector geometry, different GEANT hadronic physics models and 
different Monte Carlo generators. These tests indicate variations of a similar order of 
magnitude to those observed in the in-situ studies. The in-situ track-jet study is limited 
by inner-detector acceptance and only extends as far as \rj\ < 1.0, which corresponds to 
~ 75% of the jets in the measured distributions. However, the Monte Carlo-based tests also 
indicate no strong ry-dependence from any of the different possible types of mismodelling 
examined. Based on this, the systematic uncertainty is applied to the entire sample. 

In-situ tests of the JER [43] for anti-A;^ jets with R = 0.4 and 0.6 indicate that the 
jet pt resolution predicted by simulation is in good agreement with that observed in the 
data. Here, the resolution uncertainties are taken from the Monte Carlo tests described 
above only, primarily because the mass and substructure variable resolutions are difficult 
to validate in-situ with this dataset. From studying the variations in resolution created by 
varying the detector geometry, GEANT hadronic physics model and Monte Carlo generator, 
resolution uncertainties of around 20% are conservatively estimated, except for T21 and T32 
where they are around 10%. 
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Figure 7. The ratio of a jet property determined by the calorimeter to that determined by tracks 
versus the calorimeter jet mass for jets with 300-400 GeV in px- Shown are the data and a variety 
of Monte Carlo models. The bottom frame shows the ratio of the Monte Carlo models to data. 
The top left, top right and bottom left figures show the ratio for jet mass for three different jet 
algorithms. The bottom-right figure shows the ratios for \/5i2 in anti-fcf jets. 



8 Data Correction 

To compare the measurements directly to theoretical predictions the final distributions 
in this study are corrected for detector resolution and acceptance effects. The procedure 
here is a matrix-based unfolding technique called Iterative Dynamically Stabilised (IDS) 
unfolding [44, 45]. 

In this procedure truth jets and reconstructed jets in Monte Carlo simulated events 
are matched using the criterion 5R < 0.2, which leads to a match for > 99% of jets. 
Matched pairs of jets are used to construct a transfer matrix corresponding to the effect of 
the detector. A true jet can be matched with a reconstructed jet that fails the pT cut and 
vice- versa. As such, the efficiency for matching a true jet to a reconstructed jet in the same 
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Pt bin is recorded as a function of the variable of interest. The reverse quantity is also 
defined for reconstructed jets. The data are then scaled by the reconstructed matching 
efficiency, multiplied by the transfer matrix and finally divided by the truth matching 
efficiency. There is also an iterative optimisation step, where the rows of the matrix are 
scaled to match the corrected result. Pythia is used to provide the central value. Each 
Pt bin is unfolded independently. The systematic uncertainty is assessed by repeating the 
procedure using Sherpa samples. 

9 Results 

Using the analysis techniques outlined above, measured normalised cross-sections are shown 
in Figures 8-16. In ratio plots, the statistical uncertainty on Monte Carlo predictions 
does not include the data statistical uncertainty. Although in some cases the Monte Carlo 
predictions are not in agreement with the data, the shapes of the distributions are correctly 
reproduced. For jet mass the distributions produced by Pythia tend to be too soft, while 
those from HerwigH — \- are too hard. Notably, the Cambridge-Aachen jet mass after 
splitting and filtering, as shown in Figure 9, is the only variable for which the Monte Carlo 
predictions are in agreement to within statistical uncertainties, both with each other and 
the data. The substructure variables exhibit generally better agreement with Monte Carlo 
predictions than mass, with all but a few bins correctly described by both Pythia and 
HerwigH — h- In the higher px bins statistical fluctuations begin to limit the precision of the 
measurements, but the level of agreement in all variables appears to remain approximately 
constant between px bins. 

The unfolding technique used introduces correlations between the bins. The statistical 
uncertainty in these results represents the diagonal element of the covariance matrix only; 
therefore, comparison to alternative predictions requires use of the full covariance matrices. 
These matrices are available, along with the full results presented here, in HepData [46]. 
In particular the structure at a jet mass of 150-180 GeV in the 500-600 GeV bin of Figures 8 
and 10 is consistent with statistical fluctuations. 
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Figure 8. Normalised cross-sections as functions of mass of Cambridge-Aachen jets with R = 1.2 
in four different px bins. 
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Figure 13. Normalised cross-sections as functions of T21 of Cambridge-Aachen jets with R = 1.2 
in four different px bins. 
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Figure 14. Normalised cross-sections as functions of T32 of Cambridge-Aachen jets with R = 1.2 
in four different px bins. 
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Figure 15. Normalised cross-sections as functions of T21 of anti-fcf jets with R = 1.0 in four 
different px bins. 
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Figure 16. Normalised cross-sections as functions of T32 of anti-fcf jets with R = 1.0 in four 
different px bins. 
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10 Mean Mass With Multiple Proton-Proton Interactions 



The results presented so far have been for events containing only one pp interaction; how- 
ever even in this early period of running, the data contain events with multiple simul- 
taneous pp interactions (pile- up) [47]. These additional collisions are uncorrelated with 
the hard-scattering process that typically triggers the event. They therefore present a 
background of soft, diffuse radiation that offsets the energy measurement of jets and will 
impact jet-shape and substructure measurements. It is essential that future studies involv- 
ing jet-substructure variables, such as those investigated here, be able to understand and 
correct for the effects of pile-up. Methods to mitigate these effects will be essential for jet 
multiplicity and energy scale measurements. 

Substructure observables are expected to be especially sensitive to pile-up [8]. This is 
true in particular for the invariant mass of large-size jets. Techniques such as the splitting 
and filtering procedure used in this study reduce the effective area of large jets and are 
therefore expected to reduce sensitivity to pile-up. 

The sensitivity of mean jet mass to pile-up is tested in this dataset. The correlation 
of the mean jet mass of anti-kt jets with the number of reconstructed primary vertices is 
presented in Figure 17 (left). All jets with a pT of at least 300 GeV in the rapidity range 
\y\ < 2 are considered. The mean mass of jets in the absence of pile-up and the variation 
with pile- up activity show the expected dependence on the jet size. The mean mass in the 
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A^PV = 1 bin increases linearly with R. The ratios of the fitted slopes sn are found to be: 

si.o/so.6 = 4.3±0.5 ((1.0/0.6)3 = 4.6), (10.1) 

si.o/so.4 = 13±3 ((1.0/0.4)3 = 15.6), (10.2) 

so.6/so.4 = 3.0±0.8 ((0.6/0.4)3 = 3.4), (10.3) 

in good agreement with the ratio of the third power of the jet i?-parameter. This is in 
agreement with predictions of scaling of the mean mass [48, 49]. This behaviour can also 
be qualitatively explained by two factors. Firstly the jet area in the y — (j) plane grows 
roughly as R^. Moreover, the contribution of these particles to the jet mass scales with the 
distance between them approximately as R/2, giving another power of R. 

Figure 17 (right) shows the dependence on A'^pv of the mean jet mass before and 
after the splitting and filtering procedure for Cambridge- Aachen jets. Since the angular 
requirement Rjj > 0.3 is imposed, the splitting steps of this procedure naturally select 
more massive jets. Since the splitting procedure selects a kinematically biased subset of 
jets, a third line shows the mean mass prior to filtering of jets that pass the splitting. The 
filtering step significantly reduces the impact of pile-up on mean jet mass. In fact, the 
slope of the straight line fitted to the filtered jet data points is statistically consistent with 
zero. 

Altogether, this demonstrates that the pile-up dependence of mean jet mass in real 
LHC conditions matches expectations. Additionally, jet substructure techniques that re- 
duce the area of jets are promising for suppressing the effects of pile- up. 



11 Conclusions 

Jet mass and several jet substructure variables have been measured. This is the first 
particle-level measurement of these variables at the LHC and in many cases the first at 
any experiment. There is broad agreement between data and leading-order parton-shower 
Monte Carlo predictions from Pythia and HerwigH — h, although there is some scope 
to improve this. Jet mass has generally been found to exhibit the largest disagreements 
with Monte Carlo simulations. However, in contrast to this, the masses of jets after the 
Cambridge- Aachen splitting and filtering procedure display good agreement both with and 
between Monte Carlo simulations. The substructure variables Vdi2, V^hs, T21 and ts2 
are all reasonably well reproduced by Monte Carlo predictions. Additionally, the effects 
of pile-up on mean jet mass have been found to match phenomenological expectations for 
i?-parameter dependence. Splitting and filtering has also been found to reduce the impact 
of pile-up significantly. 

Generally these results show that jet mass and substructure quantities can be success- 
fully reproduced by leading-order parton-shower Monte Carlo. This result bodes well for 
future analyses aiming to make use of jet substructure techniques. 
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R. Dhullipudi24'', A. Di Ciaccio^32a,i32b^ j^ j^j Ciaccio^, A. Di Girolamo29, 
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B. Di Girolamo^s, S. Di Luise^^Sa.iasb^ ^ £,- Mattia^'^i, B. Di Micco^^, R. Di Nardo''^ 
A. Di Simonei32a,i32b^ ^l. Di Sipio^^^'i^*^, M.A. Diaz^i^, F. Diblen^S'^, E.B. Diehl^^, 

J. Dietrich'^i, T.A. Dietzsch^^^, S. Diglio^^, K. Dindar Yagci^", J. Dingfelder^o, 

C. Dionisii3ia,i3ib^ p_ oita^^^, S. Dita^S'^, F. Dittus^^, F. Djama^^ T. Djobava^i"^, 
M.A.B. do Vale^st^, A. Do Valle Wemans^^Sa^ T.K.O. Doan^, M. DobbsS^ 

R. Dobinson 29-*, D. Dobos^^, E. Dobson^^'™, J. Dodd^^, C. Doglioni^s, T. Doherty^^^ 
Y. Doi^s.*, J. Dolejsii25^ j OolenJ^ Z. Dolezal^^s^ ^ j^ Dolgoshein^^'*, T. Dohmae^^^, 
M. Donadelli^^d, M. Donega^^^ J. Donini^^, J. Dopke^^, A. Doria^o^'^, A. Dos Anjos^^\ 
M. Dosili\ A. Dotti^^i'^'i^ib^ j^ .p^ Dova^^, J.D. Dowell^^ A.D. Doxiadis^"^, 
A.T. Doyle^^, Z. Drasal^^^, J. Drees^^^, N. Dressnandt^^^, H. Drevermann^^, 

C. Driouichi^s, M. Dris^ J. Dubbert9^ S. Dube^*^, E. Duchovni^'^o, G. Duckeck^^ 
A. Dudarev29, F. Dudziak^^, M. Diihrssen ^9, LP. Duerdoth^^, L. Duflot^^'^, 
M-A. Dufour^^, M. Dunford^s, H. Duran Yildiz^^, R. Duxfield^^s^ ^^ Dwuznik^^, 

F. Dydak ^9, M. Dmen^'^, W.L. Ebenstein^^, J. Ebke^^, S. Eckweiler^o, K. Edmonds^o, 
C.A. Edwards'^^ N.C. Edwards^^ W. Ehrenfeld^^i , T. Ehrich^^, T. Eifert^^^^^ G. Eigen^^ 
K. Einsweiler^^^ ^^ Eisenhandler'^'^, T. Ekelof^6^ M. El Kacimii34c^ m. Ellerti^s, S. Elles^, 
F. Ellinghaus^°, K. Ellis'^^, N. Ellis29, J. Elmsheuser^'^, M. Elsing29, D. Emeliyanov^^^, 
R. Engelmann^"''', A. Engl^'^, B. Epp'^^ A. Eppig^^, J. Erdmann^"', A. Ereditato^^, 

D. Eriksson^^^^, J. Emst\ M. Ernst^^, J. Ernwein^^^^ D. Errede^*^"^, S. Errede^'^'^, 

E. Ertel®°, M. Escalier""^, C. Escobar^22^ ^ Espinal Curull^\ B. Esposito*^^, 

F. Etienne^^, A.I. Etienvre^^^, E. Etzion^^^, D. Evangelakou^*^, H. Evans''°, 

L. Fabbri^9^'i9b, C. Fabre^s, R.M. Fakhrutdinov^^^, s. Falciano^^ia^ y. Fang^'^i, 

M. Fanti^s^'^s^, A. Farbin^, A. Farilla^^Sa^ j^ Farley^^'^, T. Farooque^^^, S. Farrell^^^ 

S.M. Farrington^^^, P. Farthouat^^, P. Fassnacht^^, D. Fassouliotis*, B. Fatholahzadeh^^^, 

A. Favareto^s^'S^^, L. Fayardi^'', S. Fazio^^^-seb^ ^ Febbraro^^^ p_ Pederic^''^'', 

O.L. Fedini20, W. Fedorko^'^, M. Fehling-Kaschek^'S, L. Feligioni^^^ j) FellmannS, 

C. Feng32d, E.J. Feng3°, A.B. Fenyuk^^?^ j^ Ferencei^^^'", J. Ferland^^ W. Femando^°^, 

S. Ferrag^^, J. Ferrando^^, V. Ferrara^^, A. Ferrari^^^, P. Ferrari^'^'^, R. Ferrari^^^*^, 

D.E. Ferreira de Lima^^, A. Ferrer^^^, M.L. Ferrer^ , D. Ferrere^^, C. Ferretti^^, 

A. Ferretto Parodi^°'''^°'^, M. Fiascaris^°, F. Fiedler^°, A. Filipcic^^, A. Filippas^, 

F. Filthauti°3, M. Fincke-Keeler^^s^ M.C.N. Fiolhaisi^Sa,/^^ l. Fiorinii^^ A. Piranha, 

G. Pischer'^i, P. Fischer ^o, M.J. Fisher^os^ m. Flechl4^ I. Fleck^^^ J. Fleckner^o, 

P. Fleischmann^'^^^ g^ Fleischmann^'^^, T. Flick^''^, A. Floderus"^^, L.R. Flores Castillo^'^^ 

M.J. Flowerdew^s, M. Fokitis^, T. Fonseca Martin^*^, D.A. Forbush^^^, A. Formicai^^^ 

A. Forti^^ D. Fortin^^^^, J.M. FosterS\ D. Fournier"'', A. Foussat29, A.J. Fowler^'', 

K. Fowleri36, H. Fox^", P. Francavillai\ S. Franchino"®^'^^^^, D. Francis29, T. Frank^™, 

M. Franklin^'^, S. Franz^Q, M. Fraternali^^^'^'^^^^, S. Fratina^^^, S.T. French^'^, 

F. Friedrich '^^, R. Froeschl^^, D. Froidevaux^^ , J. A. Frost^'^, C. Fukunaga^^^, 

E. Fullana Torregrosa^^ , J. Fuster^^e^ C. Gabaldon29, O. Gabizon^^o, T. Gadfort^^, 

S. Gadomski^^ G. Gagliardi^o^'^"^, P. Gagnon^o, C. Galea^^, E.J. Gallas^^^ V. Gallol^ 

B.J. Gallopi28^ p Gallusi24, K.K. Gan^o^^ Y.S. Gao^^^.e^ y^^^ Gapienko^^^, 

A. Gaponenko^*^, F. Garberson-^'^^, M. Garcia-Sciveres"*^^, C. Garcia^^^, J.E. Garcia 
Navarro^^^, R.W. Gardner^°, N. Garelli^^, H. Garitaonandia^^^, V. Garonne^^, 
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J. Garveyi^ C. GattF, G. Gaudio^is^, B. Gaur^^", L. Gauthier^^s, R Gauzzi^^ia.isib^ 

I.L. Gavrilenko^s, C. Gay^^^, G. Gaycken^o, J-C. Gayde^^, E.N. Gazis^, P. Ge^"^^, 

C.N.P. Geei28, D.A.A. GeertslO^ Ch. Geich-GimbeF, K. Gellerstedt^^^a.MSb^ 

C. Gemme^o^, A. GemmelF^ M.H. Genest5^ S. Gentile^^i^'isib^ j^_ George5^ 

S. George^^, P. Gerlach^'^^, A. Gershon^^^, C. Geweniger^^'^, H. Ghazlane^^*^^ , 

N. Ghodbane^^, B. Giacobbe^^*, S. Giagu^^^'''^^^'^, V. Giakoumopoulou^, 

V. Giangiobbe^\ F. Gianotti^^, B. Gibbard^^, A. Gibson^^^ S.M. Gibson^^, 

L.M. Gilbert^i^ V. Gilewsky^", D. Gillberg^^, A.R. Gillmani^s, D.M. Gingrich^''^, 

J. Ginzburgi^^ N. Giokaris^ M.P. Giordani^ssc^ ^ Giordano^o^^'io^^, F.M. Giorgi^^ 

P. Giovannini^^ P.P. Giraud^^s, D. Giugni^^^, M. Giunta^^^ P. Giusti^^^, 

B.K. Gjelsten^i^ L.K. Gladilm9^ C. Glasman^^ J. Glatzer'^^ A. Glazov^\ 

K.W. Glitza^^^ G.L. Glonti^^, J.R. Goddard^^ J. Godfrey^^i, J. Godlewski^^, 

M. Goebel^'i, T. Gopfert^^, C. Goeringer^o, C. Gossling'^^^ T. GSttfert^^ S. Goldfarb^^ 

T. Gollingi'^4, A. Gomes^^Sa.fe^ l.S. Gomez Fajardo"^!, R. Gonsalo■^^ 

J. Goncalves Pinto Firmino Da Costa"^^, L. Gonella^", A. Gonidec^^, S. Gonzalez^^^, 

S. Gonzalez de la Hoz^^^, G. Gonzalez Parra^^, M.L. Gonzalez Silva^^, 

S. Gonzalez-Sevilla^^, J.J. Goodson^^^, L. Goossens^^, P.A. Gorbounov^^, H.A. Gordon^^, 

I. Gorelov^o^ G. Gorfine^^^^ B. Gorim^^, E. Gorini^^'^'^^^, A. Gorisek'^^ E. Gornicki^s, 

S.A. Gorokliovi27^ V.N. Goryachev^^^, B. Gosdzik^^^, M. Gosselinkio^ M.I. Gostkin^^, 

I. Gough Eschrichi^^ M. Gouighrii^^a^ q. Goujdamii^^c^ M.P. Goulette^^ 

A.G. Goussiou^^'^, C. Goy"^, S. Gozpinar^^, I. Grabowska-Bold^''', P. Grafstrom^^, 

K-J. Grahn'^-'^, F. Grancagnolo'^^^, S. Grancagnolo"*^^, V. Grassi^^'^, V. Gratchev^^'^, 

N. Grau34, H.M. Gray^^, J.A. Gray^^^ E. Graziani^^Sa^ q.G. Grebenyuk^^o, 

T. Greenshaw^^ , Z.D. Greenwood^^'', K. Gregersen^^, I.M. Gregor^^, P. Grenier^^^, 

J. Griffithsi37, N. Grigalashvili^^, A.A. Grillo^^e^ §_ Grinstein^^ Y.V. Grishkevich^e, 

J.-F. Grivaz^i^, M. Groli*^^, E. Gross^™, J. Grosse-Knetter^"^, J. Groth-Jensen^™, 

K. Grybel^^o, V.J. Guarino^ D. Guest^"^^, C. Guicheney^^^ A. Guida'^^^'^i^, S. Guindon^-^, 

H. Guler^^'", J. Gunther^^^, B. Guo^^^, J. Guo^^, A. Gupta^o, Y. Gusakov^^, 

V.N. Gushchmi27, p. Gutierrez^io, N. Guttman^^^ O. Gutzwiller^'^i, C. Guyot^^s, 

C. Gwenlan^i^ C.B. Gwilliam^^ A. Haas^^^ S. Haas^^, C. Haber^^, H.K. Hadavand^^, 
D.R. Hadleyi^ P. Haefner^^ F. Hahn^^, S. Haider^^, Z. Hajduk^^, H. Hakobyanl■^^ 

D. Hall"^ J. Haller54, K. Hamacheri'^^ P. Hamal^i^^ M. Hamer^^, A. Hamilton^^^'^'", 
S. Hamiltoniso, H. Han32a, L. Han32b, K. Hanagaki^i^ K. Hanawa^^^ M. Hance^^, 

C. Handel^°, P. Hanke^^'^, J.R. Hansen^^, J.B. Hansen^^, J.D. Hansen^^, P.H. Hansen^^, 
P. Hanssoni-^^ K. Hara^^^, G.A. Hare^^e, T. Harenberg^^^^ g^ Harkusha^^^ ^ HarperS'', 
R.D. Harrington'^^ , O.M. Harris^^^, K. Harrison^^, J. Hartert^^, F. Hartjes^^^, 

T. Haruyama^^, A. Harvey^^, S. Hasegawa-'^°° , Y. Hasegawa^^^, S. Hassani-*^^^, M. Hatcli^^, 

D. Hauff9^ S. Haugi^ M. Hauschild^^ , R. Hauser^'^, M. Havranek^o, B.M. Hawes^^^ 
CM. Hawkes^^, R.J. Hawkings^^, A.D. Hawkins^^, D. Hawkins^^^^ T. Hayakawa^^, 

T. Hayashi^^^ D. Hayden■^^ H.S. Hayward^^ S.J. Haywood^^s^ £. Hazen^i, M. He^^d^ 
S.J. Head^'^, V. Hedberg^^, L. Heelan^, S. Heim®^, B. Heinemann^^, S. Heisterkamp^^ , 
L. Helary4, C. Heller^^ M. Heller^^, S. Hellmani45a,i45b^ j^ Hellmich^o, C. Helsens", 
R.C.W. Henderson''''', M. Henke^**^, A. Henrichs^^, A.M. Henriques Correia^^, 
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S. Henrot-Versille^^^, F. Henry-Couannier^^, C. Hensel^'^, T. Henfi^^^, CM. Hernandez^, 

Y. Hernandez Jimenez^^^, R. Herrberg^^, A.D. Hershenhorn^^^, G. Herten^^, 

R. Hertenberger^^, L. Hervas^^, G.G. Hesketh'^^, N.P. Hessey^'^*^, E. Higon-Rodriguez^^^, 

D. Hill^'*, J.C. Hill27, N. Hill^, K.H. Hiller^i, S. Hillert^o, S.J. Hillieri'^, I. Hinchliffei'^, 

E. Hines^i^ M. Hirosell^ F. Hirsch^^^ D. Hirschbuehli'^^ J. Hobbs^''^ N. Hod^^^ 
M.C. Hodgkinson^'^^, P. Hodgson^^^, A. Hoecker^^, M.R. Hoeferkamp^^^ , J. HofFman^^, 

D. Hoffmann^^ M. Hohlfeld^o, M. Holderi^°, S.O. Holmgren^^^^, T. Holy^^e^ 
J.L. Holzbauer^^, Y. Homma®^, T.M. Hong^^^, L. Hooft van Huysduynen^"^, 

T. Horazdovskyi26, C. Horn^^^ S. Horner^^ J-Y. Hostachy5^ S. Hou^^^, M.A. Houlden^^ 

A. Hoummada^^"''^, J. Howarth^^, D.F. Howell^^^, I. Hristova ^^, J. Hrivnac^^^, 

I. Hruskai24^ rp_ Hj-y^'ova^ P.J. Hsu®°, S.-C. Hsul^ G.S. Huang"°, Z. Hubacek^^e^ 

F. Hubaut^^^ Y. Huegging^o, A. Huettmann"^! , T.B. HufFman^^^, E.W. Hughes^^, 

G. Hughes^", R.E. Hughes-Jones®\ M. Huhtinen^^, P. Hurst^'^, M. Hurwitz^^, 

U. Huseniann'^^ , N. Huseynov^*^'P, J. Huston^'^, J. Huth^''', G. lacobucci^^, G. lakovidis^, 
M. Ibbotson^^, I. Ibragimov^^*^, R. Ichimiya^^, L. Iconomidou-Fayard^^^, J. Idarraga^^^, 
P. lengo^oi^, O. IgonkinaiO'^, Y. Ikegami^^ M. Ikeno^^, Y. Ilchenko^s, D. Iliadis^^^^ 
N. Ilic^^^ M. Imorii^^ T. Ince^^, J. Inigo-Golfin^s, P. Ioannou^ M. lodice^-'^^a^ 
V. Ippolitoi3i'^'i3ib^ j^ j^igg Quilesl6^ C. Isakssonl6^ A. Ishikawa^^ M. Ishino^^ 
R. Ishmukhametov^^, C. Issever-*^^"^, S. Istin-*^^**, A.V. Ivashin^^'^, W. Iwanski'^^, 
H. Iwasaki^s, J.M. Izen^^, V. Izzo^^i^, B. Jackson^i^ J.N. Jackson^^ P. Jackson^''^ 
M.R. Jaekep9, V. Jain^^, K. Jakobs^^ S. Jakobsen^^, J. Jakubek^^e, D.K. Jana^i", 

E. Jankowski'^^'^, E. Jansen'^^, H. Jansen^^, A. Jantsch^^, M. Janus'^®, G. Jarlskog'^^, 

L. Jeanty^'^, K. Jelen^^, I. Jen-La Plante^^, P. Jenni^^, A. Jeremie^, P. Jez^^, S. Jezequel*^, 

M.K. Jha^^^, H. Jii'^i, W. Ji^^, J. Jia^-^^ Y. Jiang32b^ M. Jimenez Belenguer^i, G. Jin32b, 

S. Jin^^*^, O. Jinnouchi^^^, M.D. Joergensen^^, D. Joffe^^, L.G. Johansen^'^, 

M. Johanseni'^5'^'145*^, K.E. Johansson^^^a^ p^ Johansson^^s, S. Johnert^^, K.A. Johns^, 

K. Jon-Andi'^^^'i^s^, G. Jones^^^ R.W.L. Jones™, T.W. Jones■^^ T.J. Jones^^^ 

O. Jonsson^^, C. Joram^^, P.M. Jorge^^^^, J. Joseph^"', K.D. Joshi^^, J. Jovicevic^^^, 

T. Jovini2b^ X. Jui'^i, C.A. Jung^^ R.M. Jungst^^, V. Juranek^^^, p. Jussel^S 

A. Juste Rozas^^ V.V. Kabachenko^^'^, S. Kabana^*", M. Kaci^'^'', A. Kaczmarska^*, 

P. Kadlecik^s, M. Kado^^^, H. Kagan^o^ M. Kagan^^ S. Kaiser9^ E. Kajomovitzi^i, 

S. Kalinini'^^ L.V. Kalinovskaya^^, S. Kama^^, N. Kanaya^54^ y^_ Kaneda^^, S. Kaneti^^, 

T. Kannol5^ V.A. Kantserov^^, J. Kanzaki^^ B. Kaplan^'^'^, A. Kapliy^o, J. Kaplon^^, 

D. Kar'^3, M. Karagounis^'^, M. Karagoz-'^-'^^, M. Karnevskiy^^ , K. Karr^, 

V. Kartvelishvili™, A.N. Karyukhin^^^^ L. Kashif^^i, G. Kasieczka^s"^, R.D. Kassl°^ 

A. Kastanas^^, M. Kataoka^, Y. Kataoka-*^^^, E. Katsoufis^, J. Katzy^^, V. Kaushik^, 

K. Kawagoe^^ T. Kawamoto^^-^, G. Kawamura^", M.S. Kayl™"^, V.A. Kazanin^o^ 

M.Y. Kazarinov^"^, R. Keeler^^^ R. Kehoe3^ M. Keil^^, G.D. Kekelidze^-^, J.S. Keller^^^, 

J. Kennedy^^, M. Kenyon^^, O. Kepka^^^, N. Kerschen^^, B.P. Kersevan'^^, S. Kersten^'^^, 

K. Kessoku^^"^, J. Keung^^^ F. Khalil-zada™, H. Khandanyan^^-^, A. Khanov"\ 

D. Kharchenko^^, A. Khodinov^s, A.G. Kholodenko^^?^ j^ Khomich^^a^ rp j ki^oq27^ 

G. Khoriauli^'^, A. Khoroshilov^'^^, N. Khovanskiy^^, V. Khovanskiy^^, E. Khramov^^, 
J. Khubua^ib, H. Kimi45a,i45b^ jyjg^ j^jj^2^ Sjj_ Kimi^s, N. Kimurai^s, Q. Kindl^ 
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B.T. King'^^^ M. King^^, R.S.B. King^^^ J. Kirk^^s, L.E. Kirsch^^, A.E. Kiryunin^^ 

T. Kishimoto^^ D. Kisielewska^"^, T. Kittelmann^22 ^ ^ jy[^ Kiver^^^^ E. Kladiva^^^b^ 

J. Klaiber-Lodewigs^^^ yi_ Klein^^^ U_ Klein^^^ j^_ Kleinknecht^° , M. Klemetti^^, 

A. Klieri™, P. Klimeki^Sa.wsb^ ^ Klimentov^^, R. Klingenberg^^ J.A. Klinger^i, 

E.B. Klinkby35, T. Klioutchnikova^^, P.F. Klok^o^ S. Klous^o^, E.-E. Kluge^^^, 

T. Kluge^^ P. KlmtlO^ S. Kluth^^, N.S. Knecht^^^ E. Kneringer^i, J. Knobloch^^, 

E.B.F.G. Knoops^^^ A. Knue^^, B.R. Ko'''^, T. Kobayashi^^"^, M. KobeF^ M. Kocian^''^ 

P. Kodysi25^ j^ Koneke29, A.C. Konig^o^ S. Koenig^o, L. Kopke^^, F. Koetsveld^^^^ 

P. Koevesarki^o, T. Koffas^^ E. Koffemanio-^, L.A. Kogan^i^ F. Kohn^"^, Z. Kohout^^e^ 

T. Kohriki^s, T. Koii'^^^ T. Kokott^o, G.M. Kolachev^°^ H. Kolanoskil^ V. Kolesnikov^^, 

I. Koletsou^S'^, J. Koll®^ M. Kollefrath-^^ S.D. Kolya^^, A.A. Komar^^, Y. Komorii^^ 

T. Kondo^s, T. Kono^'i'^, A.I. Kononov^^, R. Konoplichio^,'-^ N. Konstantinidis'^^ 

A. Kootz^''^, S. Koperny^'^, K. Korcyl^®, K. Kordas^^^, V. Koreshev^^'', A. Korn^^'', 

A. Koroll°^ I. Korolkovl^ E.V. Korolkova^^s ^ y.A. Korotkov^^?^ q^ Kortner9^ 

S. Kortner^s, V.V. Kostyukhin^o , M.J. Kotamaki^s, S. Kotov^^, V.M. Kotov^^, 

A. Kotwal'^^, C. Kourkoumelis^ , V. Kouskoura"*^^'^, A. Koutsnian^^^*^, R. Kowalewski^^^, 

T.Z. KowalskF, W. Kozanecki^^s, A.S. Kozhin^^^, y. Kral^^e^ y^^^ Kramarenko9^ 

G. Kramberger'^^ , M.W. Krasny^^, A. Krasznahorkay-'^*''^, J. Kraus^^, J.K. Kraus^'^, 

A. Kreisel"'^^^ , F. Krejci"*^^^, J. Kretzschmar^^ , N. Krieger^^, P. Krieger^^'^, 

K. Kroeninger^^, H. Kroha^®, J. Kroll^^^, J. Kroseberg^", J. Krstic^^^, U. Kruchonak^*^, 

H. Kriiger^o, T. Kruker^'^, N. Krumnack*^^ , Z.V. Krumshteyn'^'', A. Kruth^o, T. Kubota^^, 

S. Kuday^'^, S. Kuehn'^^ A. KugeF^ T. Kuhl'^\ D. Kuhn^i, V. Kukhtin^^, 

Y. KulchitskySS, S. Kuleshov^i^, c. Kummer^^ M. Kuna'^^ N. Kundu^^^ J. Kunkle^l^ 

A. Kupcoi24^ jj. Kurashige'^^ M. Kurata^^g^ y.A. Kurochkin^s, V. Kus^24^ 

E.S. Kuwertz^^^ M. Kuze^^^^ J. Kvitai^i, R. Kwee^^, A. La Rosa^^ L. La Rotonda^^^'^eb^ 
L. Labarga'^^, J. Labbe'^, S. Lablak^^^a^ c. Lacasta^^^^ F. Lacava^^ia-isib^ jj. Lacker^^, 

D. Lacour^^, V.R. Lacuesta^^^, E. Ladygin^^, R. Lafaye'*, B. Laforge^^, T. Lagouri^^, 
S. Lai^*, E. Laisne^^, M. Lanianna^^, L. Lambourne'^^ , C.L. Lampen^, W. Lampl®, 

E. Lancon^^^, U. Landgraf^*, M.P.J. Landon'^^, J.L. Lane^\ C. Lange''\ 

A.J. Lankford^^^, F. Lanni^^, K. Lantzsch^''^, S. Laplace'^'', C. Lapoire^°, J.F. Laporte^^^, 
T. Lari^®*^, A.V. Larionov ^^^, A. Larner-'^^'^, C. Lasseur^^, M. Lassnig^^, P. Laurelli^^, 
V. Lavorini^^'^'^^^, W. Lavrijsen^^, P. Laycock'^^, A.B. Lazarev^^, O. Le Dortz'^'^, 

E. Le Guirriec^^ C. Le Maner^", E. Le Menedeu^ C. Lebel^^, T. LeCompte^ 

F. Ledroit-Guillon^s, H. Lee^"^, J.S.H. Lee^^^, S.C. Lee^^", L. Lee^^*^, M. Lefebvre^6^ 

M. Legendre^^^, A. Leger^^, B.C. LeGeyt^-*^^, F. Legger^'^, C. Leggett-*^^, M. Lehmacher^°, 

G. Lehmann Miotto^^, X. Lei^, M.A.L. Leite^^^, R. Leitner^^s, D. Lellouchi™, 
M. Leltchouk^^, B. Lemmer5^ V. Lender mann^^^, K.J.C. Leney^'^'^'', T. Lenz^"^, 

G. Lenzen^ , B. Lenzi^^, K. Leonhardt^^, S. Leontsinis^, C. Leroy^^, J-R. Lessard^^®, 
J. Lesser^^^^, C.G. Lester^^, A. Leung Fook Cheong-'^'^^, J. Leveque^, D. Levin^^, 
L.J. Levinsoni™, M.S. Levitski^^?^ p^ Lewis"^ G.H. Lewis^o^ A.M. Leyko^o, 
M. Leyton^^ B. Li^'^, H. U^'^^^', S. Li^^b,*, x. Li^^^ Z. Liang"'^'", H. Liao^^, 

B. Libertii32'^, P. Lichard^^, M. Lichtnecker^"^, K. Lie^^^, W. Liebig^^^ R. Lifshitz^si, 

C. Limbach^^, A. Limosani^^, M. Limper'^^, S.C. Lin^^^'", F. Linde^"^, J.T. Linnemann®'', 
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E. Lipeles^-*^^, L. Lipinsky^^"', A. Lipniacka-'^^, T.M. Liss-*^^^, D. Lissauer^'', A. Lister"'^, 
A.M. Litkei36, C. Liu^^, D. Liu^^o, H. Liu^^ J.B. Liu^^ M. Liu^^^, Y. Liu^^^, 
M. Livan^i^^'iis'^, S.S.A. Livermore^^'^, A. Lleres^^, J. Llorente Merino^^, S.L. Lloyd^*^, 
E. Lobodzinska^^ , P. Loch^, W.S. Lockman^^^, T. Loddenkoetter^°, F.K. Loebinger®^, 

A. Logmovl■^^ C.W. Lohi^^, T. Lohsel^ K. Lohwasser^s, M. Lokajicek^^^, J. Loken ^^\ 
V.P. Lombardo^, R.E. Long^°, L. Lopes^^^^, D. Lopez Mateos^^, J. Lorenz^"^, 

N. Lorenzo Martinez^^"^, M. Losada^'^\ P. Loscutoff^^, F. Lo Sterzo^^^'''^^^'', 
M.J. Lostyi^^^, X. Lou^°, A. Lounis^i^, K.F. Loureiro^si, J. Love^^, P. A. Love^°, 
A.J. Lowe^^^.e^ p_ L^32a^ jj.J. Lubatti^^^ C. Luci^^ia.isib^ p^ Lucotte5^ A. Ludwig^^ 
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